Soil sealing is one of the most pervasive forms of soil degradation that follows urbanization and, despite innovative pavements (i.e. pervious) are being installed in urban areas to mitigate it, there is little research on the effects of pervious pavements on soil water and carbon cycle and on the physiology of urban trees. The aim of this 4-year experiment was to assess the effects of three pavements, differing in permeability to water and gases, on some soil physical parameters, and on growth and physiology of newly planted Celtis australis and Fraxinus ornus. Treatments were: 1) impermeable pavement (asphalt on concrete sub-base); 2) permeable pavement (pavers on crushed rock sub-base); 3) porous design (porous pavement on crushed rock sub-base); 4) control (unpaved soil, kept free of weed by chemical control). Soil (temperature, moisture, oxygen content and CO 2 efflux) and plant (above-and below-ground growth, leaf gas exchange, chlorophyll fluorescence, water relations) parameters were measured.
A B S T R A C T
Soil sealing is one of the most pervasive forms of soil degradation that follows urbanization and, despite innovative pavements (i.e. pervious) are being installed in urban areas to mitigate it, there is little research on the effects of pervious pavements on soil water and carbon cycle and on the physiology of urban trees. The aim of this 4-year experiment was to assess the effects of three pavements, differing in permeability to water and gases, on some soil physical parameters, and on growth and physiology of newly planted Celtis australis and Fraxinus ornus. Treatments were: 1) impermeable pavement (asphalt on concrete sub-base); 2) permeable pavement (pavers on crushed rock sub-base); 3) porous design (porous pavement on crushed rock sub-base); 4) control (unpaved soil, kept free of weed by chemical control). Soil (temperature, moisture, oxygen content and CO 2 efflux) and plant (above-and below-ground growth, leaf gas exchange, chlorophyll fluorescence, water relations) parameters were measured.
All types of pavements altered the water cycle compared to unpaved soil plots, but this disturbance was less intense in porous pavements than in other soil cover types. Porous pavements allowed both higher infiltration and evaporation of water than both pavers and asphalt. Reduction of evaporative cooling from soil paved with permeable and impermeable pavements contributed to significant soil warming: at 20 cm depth, soils under concrete pavers and asphalt were 4 and 5°C warmer than soil covered by porous pavements and unpaved soils, respectively. Thus, enhancing evaporation from paved soil by the use of porous pavements may contribute to mitigating urban heat islands. CO 2 greatly accumulated under impermeable and permeable pavements, but not under porous pavements, which showed CO 2 efflux rates similar to control. Soil oxygen slightly decreased only beneath asphalt.
Growth of newly planted C. australis and F. ornus was little affected by pavement type. Tree transpiration rapidly depleted soil moisture compared to the not-planted scenario, but soil moisture did not fall below wilting point (particularly in the deeper soil layers, i.e. 40-50 cm) in any treatment. While C. australis showed similar leaf gas exchange and water relations in all treatments, F. ornus showed a depression in CO 2 assimilation and slight signs of stress of the photosynthetic apparatus when planted in soil covered with impermeable pavement.
The effects of soil cover with different materials on tree growth and physiology were little, because newly planted trees have most of their roots still confined in the unpaved planting pit. Still, the reduction of soil sealing around the planting pit triggered the establishment of sensitive species such as ash. Further research is needed to assess the effects of different pavement types on established, larger trees.
Introduction
In this Anthropocene era, urban settings and their related grey infrastructures have expanded at unprecedented rate, becoming a huge sink of natural resources (including soil) and a massive source of externalities (Konijnendijk et al., 2016) . In particular, soil sealing, defined as the covering of soil by buildings, constructions, and layers of completely or partly impermeable artificial materials, is one of the most pervasive and irreversible forms of soil degradation that follows urbanization (Scalenghe and Marsan, 2009) . Over the period 1990-2000, in Europe about 1000 km 2 were sealed every year and, although this trend has been recently cut back to 900 km 2 per year, the detrimental effects of soil sealing and the subsequent environmental degradation have been estimated to cost up to 45 billion euro per year in Europe (European Commission, 2012) . First, through its influence on soil hydrology, soil sealing exacerbates the risk of flash floods from intense rain events, which are indeed more and more frequent because of climate change (Milly et al., 2002; Barthel and Neumayer, 2012; Marafuz et al., 2015) . In Leipzig, runoff more than doubled over the period due to the increase in impervious surfaces (Haase and Nuissl, 2007) . In Leeds, a 12.6% increase in sealed soil increased runoff by 12% (Perry and Nawaz, 2008) . Not only the water cycle, but also soil-gas migration and gas exchange between soil and atmosphere are affected by soil sealing, but little research focused on this issue until very recent years (Viswanathan et al., 2011; Weltecke and Gaertig, 2012) . Second, impermeable materials used for pavements and buildings are often characterized by low albedo and large thermal admittance and capacity. These factors were shown to increase sensible heat within urban boundaries and to be major drivers of the Urban Heat Island (UHI) effect (Oke et al., 1989; Asaeda and Ca, 2000; Kleerekoper et al., 2012) .
Third, the effects of soil sealing on biogeochemical cycles (especially carbon) are still poorly understood, but there is evidence that soil sealing induces a major shift in soil carbon stock from organic to inorganic carbon, and a general depression of soil organic carbon. Soil potential carbon mineralization rate, basal respiration, and microbial activity are also severely depressed in sealed soil, which indeed limits soil fertility, long term carbon storage and, overall, provision of ecosystem services from the soil (Wei et al., 2014) .
The importance of urban areas as living environments for most humans has been recognized in the 2015 United Nations Sustainable Development Goals (United Nations, 2015) . Goal no. 11, specifically, highlights the need of 'Making cities inclusive, safe, resilient and sustainable' (Konijnendijk et al., 2016) . Changes occurring below ground and at the soil-atmosphere interface have an impact on urban ecosystem as a whole, including humans, and the more human activities disrupt natural cycles and processes, the less the urban ecosystem is self-sustaining, resistant and resilient to the ongoing global change (Grimm et al., 2008; Qiu et al., 2015) . For example, in Europe, despite large investments in flood protection, several major floods have occurred in the latest years, with multiple fatalities and material damages accounting for billions of euros (Kundzewicz et al., 2014) . Similarly, 3-8% of electricity demand in the United States is used yearly only to compensate for the UHI effect (McPherson, 1994) . Also, UHI increases the number of hot days, thus inducing higher vulnerability to thermal stress in urban dwellers compared to those living outside the urban setting (Harlan et al., 2006; Tan et al., 2010; Tomlinson et al., 2011) . In spite of the environmental changes induced by soil sealing, humans definitely needs pavements to support daily activities and maintain the actual quality of life, and hard surfaces can comprise as much as 67% of urban surface areas, while green areas can fall as low as 16% in several cities (Matthews et al., 2015) . To this regard there is a growing recognition that preserving and re-establishing nature can help provide viable solutions in a smart "engineered" way (European Commission, 2015).
Nature-based solutions (NBS) are living solutions inspired by, continuously supported by and using nature, designed to address various societal challenges in a resource-efficient and adaptable manner and to provide simultaneously economic, social, and environmental benefits (Maes and Jacobs, 2015) . In heavily degraded sites, such as the urban environment, type III NBS (sensu Eggermont et al., 2015) have the aim of rehabilitating bio-ecological cycles, to restore and enhance sustainability. Pervious pavements have recently gained interest as type III NBS to restore water and carbon cycle in urban sites (European Commission, 2015) .
Two main types of pervious pavements exist (Scholz and Grabowiecki, 2007) : 1-permeable pavements (e.g. interlocking concrete pavers) are made of impermeable modular elements, but voids between elements allow water infiltration and soil-atmosphere gas exchange; 2-porous pavements (e.g. porous concrete), instead, are made of even-graded inert bound by a permeable binder (e.g. epoxy resin), and are permeable along their entire surface.
While considerable engineering research has been done to elucidate the technical characteristics of permeable and porous pavements (see for example : Bean et al., 2007; Scholz and Grabowiecki, 2007; Putman and Neptune, 2011) , there is only a limited number of studies investigating the effects of impermeable and pervious pavements on the different components of the urban ecosystem, including soil and trees (Volder et al., 2009 (Volder et al., , 2014 Morgenroth and Buchan, 2009; Morgenroth, 2011; Viswanathan et al., 2011; Weltecke and Gaertig, 2012; Savi et al., 2015) .
There is consistent empirical evidence that soil sealing around the trees depresses tree health, but reasons of such decline haven't been unraveled yet. Some authors have identified drought as the major cause of tree decline in sealed areas (Savi et al., 2015) , but higher soil water content under pavements than in bare soil was found in other works (Morgenroth and Buchan, 2009; Viswanathan et al., 2011) . Soil hypoxia and soil CO 2 accumulation beneath impermeable pavements have also been hypothesized as possible causes leading to tree decline, because they can reduce root growth and activity (Viswanathan et al., 2011; Volder et al., 2014) . Other works, however, found similar or even greater root growth under pavements than under bare soil (Morgenroth, 2011) .
If soil sealing has lead to excessive simplification of the urban ecosystem, where element cycling is impaired and vegetation growth depressed, the implementation of green, high permeable alleys may help its revitalization and promote sustainability (Newell et al., 2013; Mullaney et al., 2015) . To address this issue, we tested the hypotheses that: 1) soil sealing with impermeable material depresses water and gas exchange between soil and atmosphere, resulting in altered oxygen, water, and carbon dioxide concentration in sealed soils compared to the unpaved ones; 2) permeable and porous pavements can be effective NBS to mitigate the impact of paving on water and carbon cycle, thus promoting sustainable urbanization; 3) higher pavement permeability around the planting pit improves tree health and growth, and the community can co-benefit of the enhanced delivery of ecosystem services by urban trees.
Materials and methods

Site description
The research was carried out at Fondazione Minoprio (Vertemate con Minoprio, CO, Italy). Average annual rainfall and temperature in the study site measured over the 1996-2015 period are 1106 mm and 13.3°C, respectively (see Fig. A .1 in supplemental material for monthly rainfall and average temperature over the experimental period). Soil is a slightly alkaline sandy silt topsoil with low lime and an average organic matter content (see Table 1 for details).
In November 2011, a 1200 m 2 experimental field was divided into 24 sub-plots (50 m 2 area each). Polypropylene barriers (70 cm deep)
were buried between plots to physically separate sub-plots. Soil was compacted to 1.5 g cm −3 Proctor density using a rammer. Three different pavement treatments and the unpaved control were then randomly assigned to the 24 sub-plots according to a randomized block design with six blocks. Pavements were designed to support pedestrian, but not vehicular, traffic and to mimic sidewalks, rather than carriageways. Treatments were: 1) impermeable design (IM): monolithic asphalt laid on a 13 cm thick concrete sub-base. Total pavement thickness=15 cm, albedo=0.11; 2) permeable design (PE): modular interlocking concrete pavers (10×20 cm, 8 cm thick, 8% open surface area) laid on a crushed rock sub-base. Pavers were buried 3 cm down in the sub-base. Sub-base was a 10 cm thick layer made of even graded, 3-4 mm average diameter crushed rock. Total pavement thickness=15 cm, declared 5-year-permeability > 100 mm/h, albedo=0.16; 3) porous design (PO): even graded inert (gravel, 3-4 mm diameter) bound by epoxy resin (Pieri Deco Drain, Levocell, Brescia, Italy) on same sub-base as in permeable design, but 13 cm thick. Total pavement thickness=15 cm, declared 5-year-permeability > 500 mm/ h, albedo =0.26); 4) bare soil (CO), compacted to the same density as the other treatments and kept free of weeds by the use of herbicides (albedo=0.16).
In each of the 24 subplots, two 1 m 2 planting holes were left unpaved. Planting holes were dug 2.5 m apart from the edge of the plot, and 5 m apart from each other. Polypropylene collars (26 cm long, 5 cm radius) were inserted through the pavement, to allow direct access to the underlying soil during measurements. Collars were specifically designed to accommodate, with no leaks, the soil respiration chamber used for soil gas exchange measurements (see below). Collars were placed both 10 cm away from the planting pits and 2.5 m away, where no influence from planting pit and tree roots on soil parameters was expected in the first years of experiment.
Plant material
In (12-14 cm circumference at 1.3 m) were planted in the 24 sub-plots. These species were selected because of their use as urban trees in temperate and Mediterranean climates, and their different rooting patterns (F. ornus fibrous rooting; C. australis coarse rooting). For planting, pits as deep as the root-ball and 1.5 times wider were excavated. Trees were supported with woody stakes for two years after planting. A drip irrigation system was installed to avoid transplant losses, but supplemental irrigation was only performed twice during the first 6 months after transplant; later on, no irrigation events were scheduled until the end of the experiment. No fertilization or organic amendment were performed. Trees were pruned at planting to improve homogeneity. Pruning was done by only removal and reduction cuts, having care to remove less than 30% of whole-plant estimated leaf area, to avoid significant effects on tree growth and physiology (Fini et al., 2015) . When required, Pymetrozine (Plenum 25, Syngenta) was used to control the aphid Hyalopterus spp.
Measurements of soil parameters
Soil volumetric water content (θ) was measured using Frequency Domain Reflectometry (FDR) probes (SM100 Watermark, Spectrum technologies, 3600 Thayer Court, Aurora, IL, USA). Probes were buried through the plastic cylinders into the soil, at two different depths: 20 cm below grade (5 cm below the sub-base, θ 20 ) and 45 cm below grade (30 cm below the sub-base, θ 45 ). FDR probes were buried both in the central part of the subplot and near the planting holes where C. australis and F. ornus were establishing. Four probes per treatment, depth, and location were used (96 probes in total). Prior to installation, probes were calibrated using soil samples of known (and equal) volume as described in Fini et al. (2011) . Briefly, 6 samples made of 25 L of soil were collected and put in 30 L, low round containers. FDR probes were buried in the central part of the container, having care that container walls did not interfere with moisture reading, and left in place through the entire calibration process. Then, soil was saturated, weighed, and allowed to drain overnight. Water content at field capacity was recorded by weighing next early morning. Finally, containers were oven dried (40°C until constant weight) and water content at wilting point was recorded. Soil moisture was recorded weekly from January 2012 to December 2015. In July 2013, when an intense rain event was followed by 18 days with no rain and high temperatures, moisture was recorded daily to determine the pattern of dehydration in paved and unpaved soils.
Soil temperature, soil CO 2 efflux, and soil oxygen content were measured monthly from January 2012 to December 2015. Soil temperature (T soil ) was measured at 14.00, at 25 cm depth (10 cm below the sub-base) using a temperature probe (STP-1, PP-System, Amesbury, MA, USA). Soil CO 2 efflux (J) and soil oxygen content were measured between 9.30 and 12.30 using a soil respiration chamber (SRC, PPSystem, Amesbury, MA, USA) equipped with an oxygen probe (OP-2, PP-System, Amesbury, MA, USA) attached to a portable infrared gas analyzer (Ciras-2, PP-System, Amesbury, MA, USA). To conduct measurements, collars were open and SRC was hermetically attached to them, allowing air sampling for 1-10 min, depending on flux rate, as described in detail by Viswanathan et al. (2011) . A mathematical modeling (described in detail in appendix 1 in supplemental material) was used to calculate CO 2 concentration in the uppermost 40 cm of soil (C) and soil respiration (R soil ).
Measurement of plant growth, leaf gas exchange, and water relations
Stem diameter (Ø) was measured yearly at 1.3 m on all trees during the dormant season. Stem relative growth rate (RGR stem ) was calculated as:
where Ø t0 and Ø t1 are stem diameters at the beginning and at the end of each growing season, and (t 1 -t 0 ) is the number of actively growing days between measurements (Fini et al., 2015) . Growth was also estimated in terms of shoot growth: 20 distal shoots of primary branches were measured per species, treatment, and block (960 shoots in total) during the dormant season.
On April 2015, preliminary assessment of root growth was conducted using a 900 MHz Ground Penetrating Radar (IDS, Pisa, Italy) (Hruska et al., 1999; Stokes et al., 2002) . The radar antenna was gradually moved along soil (or pavement) surface along specified grid lines (10 cm step in both the perpendicular and parallel directions). A. Fini et al. Environmental Research 156 (2017) [443] [444] [445] [446] [447] [448] [449] [450] [451] [452] [453] [454] Measurements were conducted on two blocks. Root growth was also roughly evaluated by periodic visual assessments of root intrusion into the plastic collars. Leaf gas exchange was measured since 2013, after trees were left undisturbed for one year to overcome transplant shock. Thereafter, measurements were conducted monthly between 9.30 and 12.30 in May, June, July, and September until 2015, using an infrared gas analyzer (Ciras-2, PP-System, Amesbury, MA, USA), on 2 fully expanded leaves per species, treatment, and block (96 leaves in total). Only leaves growing in full sun and attached on primary branches were used for gas exchange measurements. To measure net carbon assimilation (A), transpiration (E), stomatal conductance to water vapor (g sw ), and intercellular CO 2 concentration (Ci), leaves were enclosed in PLC cuvette under the following environmental conditions: saturating irradiance (1300 μmol m −2 s −1 PAR, provided using the integrated LED unit), 400 ppm CO 2 (supplied using a CO 2 cartridge), ambient temperature, relative humidity 70-80% air (Fini et al., 2015) . Stomatal conductance to CO 2 (g sc ) was calculated multiplying g sw by 1.6. Leaf temperature (T leaf ) was also measured using the temperature probe integrated in Ciras cuvette on basal leaves. The LED unit included an integrated fluorometer (CFM, PP-System, Amesbury, MA, USA) that allowed the simultaneous determination of light adapted chlorophyll fluorescence parameters (i.e. the actual quantum yield of PSII photochemistry, ϕ PSII ). Μesophyll conductance to CO 2 diffusion (g m ) was then calculated from combined leaf gas exchange and chlorophyll fluorescence measurement using the variable-J method (Harley et al., 1992) as previously described in detail . Dark-adapted chlorophyll fluorescence parameter [i.e. F v /F m =(F m -F 0 )/F m , where F 0 , F m , and F v are basal, maximum and variable fluorescence] were measured using a portable fluorometer (HandyPea, Hansatech, King's Lynn, Norfolk, UK) on the same leaves as leaf gas exchange . Immediately after leaf gas exchange (and ϕ PSII ) measurement, leaves were dark adapted for 40′ using leaf clips, then exposed to a saturating light pulse of white light (3000 μmol m −2 s −1 for 1 s) to determine F m (Genty, 1989) .
Leaf pre-dawn water potential (ψ w ) was measured between 02.00 and 05.00 using a Scholander-type pressure chamber (PMS Instruments, Corvallis, OR, USA) on 2 fully expanded leaves per species, treatment, and block (96 leaves in total). ψ w was measured within 1 min since leaf abscission from the plant. ψ w was measured on: end of May and September 2013, June 2014 and July 2015. When ψ w was determined, leaf gas exchange was measured on the same day. On July 2015, the leaf opposite (F. ornus) or next (C. australis) to that used for ψ w was enclosed at predawn in a plastic bag covered with aluminum foil for subsequent xylem water potential measurement (ψ x ), which was performed between 13.00 and 15.30 (Fini et al., 2011) . At the same time, water potential was also measured on unwrapped leaves of the same shoot, and midday water potential (ψ m ) was determined. Soil to plant (K plant ), soil to xylem (K sx ) and leaf conductance (K leaf ) were calculated from ψ w, ψ x, ψ m and E (measured between pre-dawn and midday) using in vivo methods as previously described (Costa e Silva et al., 2004; Fini et al., 2011) . Despite in vivo method may be subjected to some variability and noise because steady state E is hardly reached, it allows to work on leaves still attached to tree (rather than excised), thus getting the maximum influence from growing environment (i.e. pavement treatments) (Flexas et al., 2013) .
Statistics
Soil data were subjected to Repeated measures ANOVA, where pavement type and location (i.e. near Celtis, near Fraxinus, and non rooted soil) were the between subject effects, and sampling date was the within subject effect. P-values from Repeated measures ANOVA test are reported in Table 2 . Because the year of measurement did not a yield consistent trend (i.e. progressive increase or decline) through the experiment, soil data are presented as the average of monthly measurements conducted in 2012, 2013, 2014, and 2015 . To illustrate how time after planting affects soil data, however, the trend of R soil over the 4 experimental years is reported. Plant data were subjected to Repeated measures ANOVA, where pavement type and tree species were the between subject effects, and sampling date was the within subject effect. After Repeated measures ANOVA, soil and plant parameters Table 2 ANOVA table showing P-values of soil and plant traits as affected by pavement type (i.e., asphalt, permeable, porous, and unpaved), sampling location (used for soil parameters, i.e. near Celtis, near Fraxinus, unrooted soil) or tree species (used for plant parameters, i.e. Celtis australis, Fraxinus ornus), and sampling date. * and ** denote significant differences among treatments at P < 0.05 and P < 0.01, respectively. Environmental Research 156 (2017) 443-454 were analyzed separately per measurement date using mixed model Two-Way ANOVA (pavement as fixed factor and species as random factor). When significant interactions between factors (i.e. species/ location and pavement type) were found, differences among pavement type are presented separately per each species/location. Statistical analysis was performed using SPSS (v.20, IBM, Chicago, IL, USA). Modeling of soil respiration and soil CO 2 concentration was performed using PDE Toolbook for Matlab (v.2015, Mathworks, Natick, MA, USA).
Results
Soil moisture as affected by pavements, with and without trees
In the absence of tree roots growing in the soil, all types of pavement increased shallow (20 cm below grade) soil moisture (θ 20 ) compared to control (CO), and differences were significant and consistent throughout the experimental period (Fig. 1A) . Among pavement treatments, the porous (PO) displayed lower θ 20 than both the impermeable (IM) and the permeable (PE), the latter experiencing partial saturation for half of the year. The average annual variation of θ 20 between the wettest and the driest month was significantly larger in CO (−40.7%) than in PO (−29.4%), while PE (−13.8%) and IM (−10.9%) underwent only limited change in θ 20 through the year. Consistently, following a period with no rainfall and high air temperature 11-29 July 2013), θ 20 decreased by 21.1% in CO and 16.1% in PO, but only by 6.2% and 5.7% in PE and IM (Fig. 1B) .
Similarly, without tree roots, average yearly volumetric soil moisture at 45 cm depth (θ 45 ) was higher in all the paved soils than in CO (P < 0.001) with larger differences occurring from April to October (Fig. 1C) . While θ 45 of CO plots remained slightly below field capacity, paved soils experienced partial saturation for most of the year. Interestingly, while θ 20 was higher in IM than in PO, θ 45 displayed an opposite trend. Over the 18-day no rainfall period in July 2013, θ 45 declined by about 40% in PO and CO, and only by 18% and 12% in IM and PE, respectively (Fig. 1D) . During the in-leaf period (May to September), both θ 20 and θ 45 were significantly lower near the root-zones of C. australis and F. ornus than in soil without roots, regardless of pavement treatment (insets E and F in Fig. 1 ). Near the rootzone of F. ornus, θ was higher in paved than in CO plots, at every depth. Near C. australis, instead, PE and IM had lower θ 20 compared to CO, while PO had similar θ 20 as CO. At 45 cm, however, soil moisture was generally higher beneath pavements than in bare soil.
Soil and leaf temperature
During winter (Dec, Jan, Feb), soil temperature measured 25 cm below grade was lower in the slightly-lighter-colored PO (albedo 0.26) than in CO (albedo 0.16) and PE (albedo 0.16) (Fig. 2A) . Soil below IM, which had the lowest albedo (0.11), was warmer than in the other treatments. From March to June, unpaved soil was cooler than soil beneath all pavements. Soil temperature in PO, however, was only slightly warmer (+0.6°C on average) than CO, while soil under PE (+2.8°C on average) and, in particular, IM (+3.6°C on average) A. Fini et al. Environmental Research 156 (2017) 443-454 displayed considerably higher temperatures. Finally, July to November, CO and PO showed similar soil temperature, while soil was 2 and 2.7°C warmer in PE and IM, respectively. Leaf temperature was higher in IM plants of both species, despite differences were significant only in June and in September (C. australis only) (insets B and C in Fig. 2 ). In these periods, leaves of IM plants were up to 0.56°C (C. australis) and 0.7°C (F. ornus) warmer than leaves of CO. No difference in leaf temperature was found between CO, PE, and PO throughout the experiment.
O 2 and CO 2 exchange between soil and atmosphere
In CO plots, soil O 2 concentration varied from 21% in December to 19.6% in July (Fig. 3A) . IM treatment slightly decreased O 2 in the soil throughout the year, compared to CO. On the contrary, soil under PO and PE often showed similar O 2 concentration as CO.
Soil CO 2 efflux (J) was higher in IM than CO throughout the experimental period (Fig. 3B) . On average, J from IM plot was 3-to 4-fold higher than CO, with differences becoming larger (up to 6 times) during summer months, when soil temperature exceeded 25°C. On the contrary, J was similar in PO and CO treatments. PE, instead, had similar J as CO during cold months (October to March), then J increased consistently, despite values as high as in IM were found only in May (Fig. 3B) . J did not decrease after leaving the collars open for 4 days and repeating the measurement (data not shown).
According to model estimates (see Appendix 1 for details), C was higher in all paved treatments than in CO. On average, C was 68%, 139%, and 629% higher in PO, IM, and PE, compared to CO. (Fig. 3C) . Differences in C among treatments became larger during summer and fall months, while during colder months (November to March), C did not differ between IM, PO, and CO, all of them having lower C than PE. Soil respiration (R soil ) was lower in IM than in CO plots, in both tree species (Fig. 4) . PE and PO plots showed higher R soil than IM, except in January, February, and March. It is worth noting that Rsoil in PE was, in general, similar to PO until JFM 2015, then it decreased considerably and became similar to IM (Fig. 4) .
Growth of trees establishing in paved sites
The effects of pavements on stem radial growth, expressed as RGR stem , and shoot growth were little, species-specific and in some case inconsistent (Table 3) . It may be worth noting that, despite IM F. ornus had higher RGR stem than other treatments in 2012-2013, it experienced a gradual decline of stem growth rate over following years. In C. australis, RGR stem was not affected by pavement treatment.
Shoot growth was, on average (over the entire experimental period), 23 cm year −1 in F. ornus and 36 cm year −1 in C. australis (Table 3) . IM transiently depressed shoot growth in F. ornus in 2012 and 2013, Different letters within the same month indicate significant differences at P < 0.01 using Duncan's MRT. ) (B), measured from January 2012 to December 2015, and calculated values of soil CO 2 concentration (C, ppm) (C) as affected by different types of pavements. Different letters within the same month indicate significant differences at P < 0.01 using Duncan's MRT.
A. Fini et al. Environmental Research 156 (2017) [443] [444] [445] [446] [447] [448] [449] [450] [451] [452] [453] [454] compared to other treatments, while pavement type had little and quite inconsistent effects in C. australis (Table 3) . Ground penetrating radar measurements were poorly able to locate roots in the planting pit or below the pavements, particularly for the fibrous-rooted species F. ornus. Accurate and reliable GPR images of the root systems couldn't thus be created (data not shown). Since July 2014, F. ornus fine roots were clearly visible at the bottom of the root collars near the planting pits in all treatments. On the contrary, no fine root of C. australis was visible in the collars, although 3-7 cm thick primary roots were visibly spreading in radial direction from the root flare in most trees.
Leaf gas exchange, water relations and plant conductivities
Pavement type had no effect on transpiration (E) in C. australis (Fig. 5A) . On the contrary, since July 2014, IM F. ornus had lower E than CO in 3 over 6 sampling dates, while PE and PO F. ornus had similar or higher E than CO throughout the experiment (Fig. 5B) .
Net carbon assimilation (A) followed a similar trend as E (Fig. 5C,  D) . A was little affected by pavement type in C. australis (Fig. 5C) ; in F. ornus, instead, IM plants showed lower A than other treatments since July 2014 (Fig. 5D ). Over this period, the average decrease of A in IM F. ornus (−14% compared to CO plants) was notably higher than the respective decrease of E (−8% compared to CO plants).
The maximum quantum yield of PSII photochemistry (Fv/Fm) was little affected by pavement type (Fig. 5E-F) . When significant differences were found, IM plants had, in general, lower Fv/Fm than in CO and PE plants.
Since summer 2014, both stomatal and mesophyll factors restricted A in IM F. ornus (Fig. A.2 in supplemental material) . Stomatal (g sc ) and mesophyll (g m ) conductance to CO 2 diffusion were, on average over the whole experimental period, 6% and 12% lower in IM than CO (Fig. A.2 ) As a consequence, CO 2 concentration at the sites of carboxylation (Cc) decreased by 5% in IM F. ornus compared to CO, whereas PE had similar Cc as CO, and PO 8% higher Cc than CO (Fig. A.2) . Pre-dawn leaf water potential (ψ w ) was, in general, more negative in F. ornus than in C. australis, but effects of pavements were either not significant (C. australis) or consistent (F. ornus) (Fig. A.3 in supplemental material) .
Plant water conductivity (K plant ) was higher in C. australis than in F. ornus (Fig. 6) . In C. australis, K plant was not affected by pavement treatment: in this species, higher soil to xylem conductivity (K sx ) compensated for lower leaf specific conductivity (K leaf ) of IM, PO and PE treatments, compared to CO (Fig. 6A and insets C, E) . In F. ornus, K plant was higher in PE and PO than IM, despite none of paved treatment had different K plant than CO (Fig. 6B) . Both K sx and K leaf declined in IM F. ornus compared to PE, CO, and PO trees (insets D, F in Fig. 6B ).
Discussion
This research was designed to unravel the effects of soil sealing on some soil physical and biological traits, as well as on growth and physiology of widely used shade tree species, and to provide data and information about the effectiveness of alternative paving materials to mitigate soil sealing in urban settings.
4.1. Effects of soil sealing on soil moisture, temperature, and gas exchange with the atmosphere It was quite surprising to observe, in soil portions not colonized by tree roots, higher moisture beneath asphalt than in bare soil because, obviously, the artificial sealing of soil surface makes it impermeable to water flow, which should lead to a general decrease in soil moisture (Scalenghe and Marsan, 2009; Volder et al., 2009) . Observations of up to 70% higher runoff volumes and reduced rainfall infiltration rate in sealed soils compared to unsealed ones support the expectation of lower moisture beneath asphalt pavements than unpaved soil (Collins et al., 2008; Scalenghe and Marsan, 2009 ). Instead, we show here that volumetric soil moisture increased both in the shallow (0-20 cm) and in deep (20-45 cm) soil layers in soils sealed with asphalt compared to the unpaved control. While differences were little in the deep horizon (+6,5% in asphalt than in control), sealed soils had 47% more water in the shallow horizon. The distillation process (i.e. water is drawn upwards and condenses on the underside of the pavement at evening, then it drains back into the uppermost layers of soil) might explain the higher moisture in paved, shallow soil layers (Morgenroth and Buchan, 2009) , but distillation was shown to have little impact when pavements are laid on coarse sub-base, as in this study, instead of being directly poured on the soil (Morgenroth et al., 2013) .
Soil water balance depends on rainfall, evaporation, capillary rise, runoff, and deep percolation. Because pavements were laid on the same soil compacted to the same bulk density, capillary rise, runoff, and deep , covered with impermeable, permeable, and porous pavements or left unpaved. Data are presented as seasonal averages: JFM=January, February, March; AMJ=April, May, June; JAS=July, August, September; OND = October, November, December. Different letters within the same sampling date and tree species indicate significant differences among pavement treatments at P < 0.01 using Duncan's MRT.
A. Fini et al. Environmental Research 156 (2017) [443] [444] [445] [446] [447] [448] [449] [450] [451] [452] [453] [454] percolation are not likely to differ among treatments. Therefore, the differences in soil moisture observed between sealed and bare soil are likely depending on the ratio between infiltration and evaporation. The lower intra-annual change in shallow soil moisture observed in sealed soils than in control (10.9% vs. 40.7%, respectively) and the lower water loss during the 18-day period with no rainfall during summer (5.9% vs. 21.1%, respectively) indicate that evaporation is restricted to a similar (or even higher) degree than infiltration rate by the asphalt pavement, thus preventing moisture of sealed soils from dropping to very low values (i.e. wilting point) despite very low or null infiltration rate (Gilbert and Clausen, 2006) .
Trees absorb water from the soil beneath the pavement and transpire to the atmosphere, creating a pathway for water evaporation through the impermeable layer. Because transpiration consumes far more water than evaporation (Amoroso et al., 2010; Sutanto et al., 2012) , a progressive decline of soil moisture in soil portions explored by tree roots was expected, with severe drought stress and hydraulic deterioration of tree vascular system as expected consequences (Savi et al., 2015) . Consistently, soil moisture near the planting pits of C. australis and F. ornus was significantly lower than in soil portions not colonized by roots, but moisture was still generally higher in sealed soil than in control, confirming results from previous studies (Morgenroth and Buchan, 2009; Morgenroth et al., 2013) . This may be due, in part, to the use of establishing trees (less than 5 years since planting in both Morgenroth's and this study) which still largely rely on moisture uptake from the unpaved planting pit, but a study carried out on 15-18 yearold established urban trees yielded similar results (Volder et al., 2009 ). Further studies must be carried out in situ in homogeneous and replicated sites either planted or not with trees to quantify how tree roots affect long-term water dynamics of sealed soils.
When 1 kg of water evaporates, 2265 kJ of sensible heat is converted into latent heat. Thus, it is not surprising that the lower evaporation from sealed soil resulted in a substantial soil warming, particularly during summer months, when higher air and soil temperatures triggered evaporation in unpaved soil. During the day, the impermeable pavement absorbs a large amount of solar radiation and, since no evaporation can occur, pavement surface heats up considerably. Heat is then exchanged with the atmosphere, or transferred and stored to the shallow soil layers, which subsequently release it at night, thus contributing to the diurnal and nocturnal urban heat island effects, respectively (Asaeda et al., 1996; Asaeda and Ca, 2000) . This may explain why leaves of trees growing in the asphalt plot were warmer than those of control when measured in summer months when transpiration was similar between the treatments (June 2013 , June 2014 , September 2013 . Soil has low heat conductivity, but persistent anomalies in surface energy balance, such as those induced by impermeable pavements, can propagate heat to deeper soil layers (Scalenghe and Marsan, 2009 ). Warming of deep soil layers can affect surface energy flux and modulate regional climate variation for decades (Hu and Feng, 2004) , generating the "sub-surface Urban Heat Island" which has been very little studied so far (Chow et al., 2011; Yang et al., 2015) .
Other factors besides reduced evaporation, such as albedo, may have contributed to soil warming beneath impermeable pavements. Asphalt had a slightly lower albedo (0.11) than bare soil (0.16). During clear days, an average reduction of 0.5°C is expected per 0.1 increase in albedo (Krayenhoff and Voogt, 2010) . The 0.05 difference in albedo between the asphalt and control treatments is consistent with the 0.4-0.6°C soil warming observed at 25 cm depth beneath asphalt during winter months, but clearly not sufficient to explain the large temperature difference (up to 5°C) observed in summer. Furthermore, Takebashi and Moriyama (2007) found that concrete heated up more than bare soil and a vegetated surface despite having 0.20 higher albedo. Accordingly, results of this study underline that sustaining latent heat flux from urban soils is among the most critical variables to mitigate UHI with respect to urban design.
Temperature affects all biological processes, including root and soil respiration (Atkin and Tjoelker, 2003) . For soil respiration to occur, oxygen must diffuse from the atmosphere to the soil, and CO 2 must be discharged to the atmosphere. When collars where opened to measure soil-atmosphere gas exchange, CO 2 efflux from soil covered with the impermeable pavement was significantly higher (up to 5-fold in June), compared to control, in agreement with previous works (Viswanathan et al., 2011) . Possible explanations for higher CO 2 flux from sealed soil include: restricted gas exchange across the asphalt layer (Weltecke and Gaertig, 2012) and enhanced respiration because of warmer soil under impermeable pavements (Bond-Lamberty and Thomson, 2010). Our findings are consistent with the first hypothesis because: 1-soil volume contributing to CO 2 efflux through the measurement collars was notably larger below asphalt than in bare soil (see appendix 1); 2-estimated soil respiration was, on average, 53% lower in the asphalt plots than control, despite warmer soil temperatures beneath asphalt, confirming the findings of Wei et al. (2014) . While there are evidences that soil respiration declines in response to high soil CO 2 concentrations (Qi et al., 1994; Burton et al., 1997) , evaluation of respiration response to the co-occurring changes in soil CO 2 and temperature induced by impermeable pavements is intriguing and, so far, little explored (Dieleman et al., 2012) . Sensitivity of soil respiration to changes in soil CO 2 concentration and temperature is largely affected by sitespecific characteristics and by other environmental factors such as moisture and oxygen concentration Black et al., 2016; Lellei-Kovacs et al., 2016) . A previous work found additive effects between temperature and +200 ppm elevated CO 2 : positive on microbial respiration (+20%), but negative on root respiration (−20%) (Black et al., 2016) . However, at much higher CO 2 concentrations in the soil, as those observed in this and other studies, the effect of CO 2 . Fini et al. Environmental Research 156 (2017) 443-454 dominates over temperature, explaining the downregulation of basal respiration (Qi et al., 1994; Dieleman, 2012; Wei et al., 2014) . Hypoxia played lesser role in modulating soil respiration: despite soil oxygen decreased slightly in sealed soils, the effect of impermeable pavements was much lower than the intra-annual change in soil O 2 . Similar results were found by Viswanathan et al. (2011) , while Morgenroth and Buchan (2009) found soil oxygen concentrations between 2% and 5% beneath pavements. A large number of environmental factors, including ) (C, D), and maximum quantum yield of PSII photochemistry (Fv/Fm) (E, F) of leaves of C. australis (A, C, E) and F. ornus (B, D, F). Data are mean ± standard deviation. Different letters within the same sampling date indicate significant differences among pavement treatments at P < 0.01 using Duncan's MRT. letters within the same sampling date indicate significant differences among pavement treatments at P < 0.01 using Duncan's MRT.
A. Fini et al. Environmental Research 156 (2017) 443-454 temperature, moisture, soil texture, soil compaction, soil diffusivity and root and soil microbiota respiration and pavement type, govern soil oxygen concentration, making soil oxygen dynamics very complex (Viswanathan et al., 2011) .
Evaluation of alternative pavements to mitigate the effects of soil sealing in urban settings
A second aim of this work was to test the hypothesis that permeable and porous pavements may, at least in part, mitigate the consequences of soil sealing with impermeable materials. Results of this study clearly showed that porous material were very effective to this purpose, while permeable pavements were far less successful.
First, porous pavements effectively mitigated the imbalance triggered by pavements on the water cycle. The intra-annual change in shallow soil moisture under porous pavements was only 11% lower than control (29% in porous, 40% in control). These findings are corroborated by the lower soil moisture at 25 cm depth below porous pavements than below asphalt (which suggests that evaporation can occur through porous pavements), paralleled by a higher moisture than asphalt in the deeper soil layers (which suggests that infiltration replenishes soil water reserve). Despite being primarily designed as a flood control measure because of high water permeability (Putman and Neptune, 2011) , the porous structure of porous pavement also allows evaporation, so that UHI mitigation may be an important co-benefit arising by the use of porous pavement in urban, highly-sealed settings. Thus, it is not surprising that soil temperature at 25 cm depth was very similar to that of control for most part of the year, being only slightly cooler in winter (when temperature was mainly driven by pavement color) and slightly warmer in spring (but differences in temperature between porous and control treatments were always lower than 1°C).
Soil beneath permeable pavements, instead, was nearly saturated, and soil moisture varied much less (14%) than in porous and control treatments throughout the year. High infiltration rates through unclogged permeable pavements (Collins et al., 2008; Yong et al., 2013) coupled with 4-8-fold decrease in daily evaporation, compared to bare soil (Andersen et al., 1999) , explain why moisture under permeable pavement exceeded field capacity for most of the year (Morgenroth and Buchan, 2009 ). Soil water content has been negatively related to surface temperature (Husain et al., 2014) . If water, however, cannot evaporate from wet soils because of overlying barriers, latent heat dissipation is low and the temperature mitigation effect is little (Asaeda and Ca, 2000) .
Second, porous pavement allowed the CO 2 produced by soil respiration to diffuse quickly out in the atmosphere along the entire pavement surface, whereas conductivity to CO 2 of permeable pavements was much lower (see appendix 1). Overall, CO 2 efflux from soil, soil CO 2 concentration and soil respiration in plots covered by porous pavements were similar to control. No high-CO 2 feedback regulation on soil respiration was observed, confirming the potential of porous pavements to maintain adequate soil-atmosphere gas exchange while satisfying human need for paved surfaces. A previous study (Viswanathan et al., 2011) , instead, done on a heavy Ship clay soil found that CO 2 accumulated under porous concrete as much as under an impermeable pavement, indicating that heavy, compacted soils with very low diffusivity may lower benefits of a high diffusivity soil cover.
On the contrary, CO 2 efflux from soil beneath permeable pavements was up to 3-fold higher than that from control. As for asphalt, our data show that the increase in CO 2 efflux observed from the "permeable" treatment was due to the pavement blocking the natural efflux of CO 2 , thus increasing the volume of soil contributing to it (see appendix 1). Furthermore, the low diffusivity of CO 2 in water (CO 2 diffusivity in water is up to 10,000 lower than in the air) and moister soil observed in the "permeable" than in other treatments, explain the exceptionally higher CO 2 concentration in the soil under concrete pavers, compared to all other treatments.
Effects of pavements on tree growth and physiology
Pavements laid around the root flare are long known to depress tree health, mainly because of chronic water restrictions and hydraulic deterioration in tree xylem. The negative effects of soil sealing on trees were much less intense than expected (Whitlow et al., 1992; Ugolini et al., 2012; Savi et al., 2015) , and were species-and time-specific. Pavement type had limited effect on tree physiology in the first 2 years after planting, because establishing trees mostly rely on roots in the root-ball and in the unpaved planting pit. When tree roots spread in the paved soil (which occurred in 2014, in this study, when tree roots became visible in the measurement collars near the planting pits), effects of pavements became significant, but were highly species specific.
The coarse-rooted species, Celtis australis, was generally unaffected by pavement type, confirming the high potential of this species as urban tree. Fraxinus ornus, instead, showed a decline of transpiration when grown in impermeable pavements that did not occur in other treatments. It was surprising to find lower transpiration in plants growing on asphalt than in control, because of higher moisture availability in the former. Instead, it would have been reasonable to expect a "luxury" water use, as shown by porous and permeable treatments on several sampling dates (particularly during dry periods, e.g. July 2014, June 2015), because soil moisture did not differ greatly between porous and asphalt treatments. During warm, dry periods, when transpiration of trees growing in unpaved soil was constrained by low water availability, higher moisture preserved by porous and permeable pavements allows higher transpiration rates, which may be particularly beneficial to urban microclimate. This benefit, however, is neglected when impermeable pavements are used. Similarly, in a previous study, Pyrus calleryana trees growing on impermeable pavements displayed lower sap flux density and water use than trees grown in bare soil (Rahman et al., 2014) .
Based on previous works (Day et al., 2010) , authors hypothesized aeration stress as possible rationale of lower water use of trees growing in sealed soils (Rahman et al., 2014) . While the change in soil oxygen availability observed in this and in previous studies was not large enough to justify lower water uptake by tree roots, CO 2 accumulation in the soil beneath pavements is a likely candidate (Viswanathan et al., 2011; Volder et al., 2014) . High soil CO 2 was shown to reduce root production by 29-35% and enhance root mortality by 11-40% in Liquidambar styraciflua trees (Volder et al., 2014) . Unfortunately, Ground Penetrating Radar was not accurate enough to locate tree roots and to allow a reliable root quantification in our experiment. Lower plant and root to xylem conductivities observed in F. ornus growing on asphalt, compared to porous and permeable pavements, suggest that root absorbing area and root activity may be depressed by high CO 2 beneath impermeable pavements. On the other hand, the decline in leaf specific conductance observed in F. ornus plants growing on the impermeable pavement suggests that high-CO 2 mediated root-to-shoot hydraulic and chemical signaling may affect leaf and stomatal traits (Aroca et al., 2012) . It is intriguing, however, to understand why these effects were not found on F. ornus plants growing on permeable pavements, which experienced even higher soil CO 2 concentration than asphalt. Because of partial saturation, even at shallow soil depths, below permeable pavements, CO 2 was probably mostly dissolved in the water media in its acid form (H 2 CO 3 ). The different quantitative response of roots to CO 2 and HCO 3 -may provide an explanation: root uptake of CO 2 in its gaseous form is very fast and proportional to the external concentration, while HCO 3 -is only slightly absorbed by plant roots (Geisler, 1963) . Higher root temperature may have also contributed to lower transpiration in F. ornus growing on asphalt (Rahman et al., 2014) . In fact, only in the impermeable treatment soil temperature exceeded 30°C. Even in species very tolerant to high soil temperature, such as Ailanthus altissima, root growth and leaf conductance decreased when A. Fini et al. Environmental Research 156 (2017) [443] [444] [445] [446] [447] [448] [449] [450] [451] [452] [453] [454] soil temperature exceeded 30°C (Graves, 1989) . Furthermore, it is known that optimal temperature range for roots is 10-25°C (Lyr and Hoffman, 1967; Pregitzer et al., 2000) . Soil beneath asphalt exceeded this range for the whole summer (June to September), which did not occur in other treatments. Reduced carbon gain, because of both stomatal and non-stomatal limitations, in F. ornus planted on asphalt may explain the progressive decline in stem diameter growth. The slight change observed in the maximum quantum yield of PSII excludes, however, any severe stress induced by pavements, but long-term studies are needed to exclude that older trees, with most of roots growing beneath the pavement rather than in the unpaved planting pit, may experience more severe pavement-induced stress.
Conclusions
One of the main challenges of future, sustainable cities is to integrate the grey infrastructure with functional green infrastructures. The hostile characteristics of the built environment, however, drastically affect benefits provided by green areas and even the survival of plants itself, because of a combination of abiotic and biotic stress factors, and anthropogenic pressures, the latter being "novel" and never experienced by plants before urbanization. The selection of species capable of tolerating urban conditions is a key requirement for healthy green infrastructure, but can lead to the globalization of few species and genera. Another opportunity is to restore, through planning and design, natural processes and element cycles disrupted by urbanization, integrating nature-based-solution to mitigate the impact of urbanization in densely built urban settings.
This research showed that soil sealing drastically affected the main biogeochemical cycles, such as the water cycle and the carbon cycle, and altered microclimate of the sealed soil, but also showed that these effects can be partially mitigated by the use of porous pavements. Element cycling and soil-atmosphere gas exchange in soil covered by porous pavements mimic unpaved soil, while providing support for human activities. The permeable pavements used in this work, instead, were less effective than porous ones, but different pavement structure and void space may yield different results.
Health of street trees, instead, was little affected by pavement type: the species with high tolerance to urban conditions thrived in all pavement types. Only when more sensitive species, such as F. ornus, are planted, porous and permeable pavements slightly enhanced CO 2 assimilation and transpiration compared to impermeable soil covers. Long-term research is needed to evaluate if this may lead to higher benefit provision of established street trees in terms of carbon sequestration and microclimate amelioration.
Higher cost compared to traditional pavements and limited research is currently restricting the use of porous pavements. This work provides evidence that multiple benefits may arise from the use of porous pavements, which may compensate for the higher cost of installation. In fact, despite being primarily designed for storm-water management, the use of porous pavements can provide several co-benefits, ranging from the mitigation of urban heat island effect to the maintenance of soil biological activity, to enhanced health of urban tree species. A network of vegetated, porous sidewalks, through the maintenance of "semi-natural" element cycling in densely built settings, may constitute a new artificial ecosystem (i.e. type III NBS) which can contribute to ameliorate living conditions, while reducing the risk from extreme events. Research on durability, maintenance needs, and long term effects of porous pavements on soil and plant traits is, however, still needed.
